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ABSTRACT 

Here we present the Spitzer IRS spectrum of CVSO 224, the sole transitional disk located within 
the —10 Myr old 25 Orionis group in Orion OBla. A model fit to the spectral energy distribution of 
this object indicates a —7 AU inner disk hole that contains a small amount of optically thin dust. In 
previous studies, CVSO 224 had been classified as a weak-line T Tauri star based on its Ha equivalent 
width, but here we find an accretion rate of 7xl0 -11 M Q yr _1 based on high-resolution Hectochelle 
data. CVSO 224's low M is in line with photoevaporative clearing theories. However, the Spitzer IRS 
spectrum of CVSO 224 has a substantial mid-infrared excess beyond 20/im which indicates that it is 
surrounded by a massive outer disk. Millimeter measurements are necessary to constrain the mass 
of the outer disk around CVSO 224 in order to confirm that photoevaporation is not the mechanism 
behind creating its inner disk hole. 

Subject headings: accretion disks, stars: circumstellar matter, stars: formation, stars: pre-main se- 
quence 



1. INTRODUCTION 

Stars surrounded by transitional disks have character- 
istics that fall between objects that have clear evidence 
for disks and stars with no disk material. They have 
deficits of infrared flux at A < 8 /im but show strong ex- 
cesses at longer wavelengths, indicating that the inner- 
most region s have undergone s i gnificant clearing of sm all 
dust grains ([Strom et al.lll989HSkrutskie et al.lll990f l. 

The Spitzer Space Telescope has greatly improved 
our resolution in the infrared and has recently pro- 
voked extensive modeling studies of sever al transitional 
disks around T Tauri star s e.g TW Hya (lUchida et al.1 
l200l. GM Aur DM T au (ICalvet et al.ll2005aD. C S Cha 



( Esp aillat et al.l 



2007 a|), HP 9 8800B ( Furlan et alJl200l . 



Uchida et~al"1l2004l ). These objects have 



and Hen 3-600 
been explained as inwardly truncated disks which are 
optically thick to the stellar radiation, with most of the 
mid-infrared emission originating in the inner edge or 
"wall" of the outer disk. Spectral energy distributions 
(SEDs) point to holes in these disks of less than —40 
AU. The inner holes of the transitional disks around 
DM T au and CoKu Tau/4 are cleared of sma ll dust 
grains (|D'Alessio et al.l 120051 : ICalvet et alj|2005a| ) while 
the transitional disks GM Aur, TW Hya, CS Cha, HD 
98800B, and Hen 3-600 have a small yet detectable near- 
infrared excess produced by some submicron and mi- 
cron sized optically thin dust remaining in the inner disk 
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hole (ICalvet et alj|2005al l2002t lEspaillat et all l2007at 
iFurlan et al.l 120071 : (Uchida et all 12004( 1 In addition to 
these disks with holes (i.e. large reductions of small dust 
grains from the star out to an outer optically thick wall) , 
the " pre-tr ansitional disk" c lass has recently been identi- 
fied ([Espaillat et al.ll2007bf ). These objects, exemplified 
by UX Tau A and LkCa 15, have an inner optically thick 
disk separated fro m an outer optically thick d isk by an 
optically thin gap ([Espaillat et al.ll2007bLl20M l. 

One possible cause for these dust clearings in 
transitional and pre-transitional disks is planet for- 
mation. Hydrodynamical simulations have shown 
that a newly formed planet could accrete and 
sweep out t he material a round it through tidal 
disturbances dQuillen et all 12004 iRice et al I 120031 : 
iPaardekooper fc Mellemal 120041 : IVarniere et al.l l2006h . 
Stellar co mpanions could also dynam ically clear the in- 
ner disk ([Artvmowicz fc Lubowjfi994D . Additional dust 
clearing the ories include inside-out evacua tion induced 
by the MRI (IChiang fc Murrav-Clav~ll2007l] and photoe- 
vaporation (jClarke. Gendrin. fc Sotomavor|[200lT ). 

The holes of GM Aur, TW Hya, and DM Tau can 
potentially be explained by the MRI. It has been pro- 
posed that the MRI can operate on the ionized inner 
wall of the disk which leads material to accrete from the 
wall onto the star, cr eating a hole in the disk that grows 
from the inside-out ([Chiang fc Murrav-Ciav~ll2007| i. In 
order for photoevaporation to be effective, the disk mass 
must be below —0.005 M Q and the disk accretion rate 
must fall below the wind rate (— 10~ 10 M Q yr _1 ; Alexan- 
der & Armitage 2007; AA07). Photoevaporation can- 
not explain the holes of these three objects since their 
outer disks are massive (M^fe > 0.05 M Q ; Calvet et al. 
2002, 2005) and their accretion rates are higher than the 
photoevaporative wind rate. Neither the MRI nor pho- 
toevaporation can explain the gaps seen in UX Tau A 
and LkCa 15 given that these inside-out clearing mech- 
anisms cannot account for a remnant optically thick in- 
ner disk. Photoevaporation could in principle explain 
CoKu Tau/4's hole since this object has a weak outer 
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disk (M disk ~ 0.0005 M ; Andrews & Williams 2005) 
and a non-detectable accretion rate, however, its disk 
clearing is most lik ely caused by its recen tly discovered 
stellar companion (jlreland fc Krausl [20081. HD 98800B 
and Hen 3-600 are additional examples of a transitional 
disk where a stellar co mpanion is apparently responsi- 
ble fo r the disk's hole (iFurlan et al.ll2007t lUchida et all 
I2001 . iGuenther et all (120071 ) also found a companion 



TABLE 1 
Stellar and Model Properties 



in the inner hole of CS Cha although the separation of 
the stellar pair is less than 5 AU (Eike Guenther, private 
communication) which is too smal l to explain the trunca- 
tion of the outer disk a t ~ 43 AU (Espail laTet al.ll2007ah 
with existing models (|Artvmowicz fc Lubowill994l ). To 
date, a radial velocity detection of a planetary compan- 
ion i n a transitional disk has only been claimed in TW 
Hya (jSetiawan et al.ll2008fh 

While most transitional disk studies have focused on 
objects located in 1-2 Myr old star-forming regions 
with relatively isolated star formation, here we present 
detailed modeling of CVSO 224, the only transitional 
disk located in the ~10 Myr old 25 Orionis group 
in the Orion OBla subassociation 
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2. OBSERVATIONS & DATA REDUCTION 

We present the SED of CVSO 224, which is also 
known as la_1200 (Hernandez et al. 2007) and 
05254675+0143303 (2MASS), in Figure 1. B- and ri- 
band photometry were take n from the USNO d atabase. 
V- and I-band photometry dBriceho et alj [20071 ) as well 
as J-, H-, and K-band (2M ASS) are shown. IRAC and 
MIPS data were taken from iHernandez et ail (|2007| ). 

An A v of 0.21 for CVSO 224 is derived from fitting 
an M3 photosphere (KH95) to the obs e rvatio ns, and the 
data are dereddened with the iMathisl (|1990j ) reddening 
law. The derived Ay is consistent with a me an extinction 
of 0.5 mag found toward Orion OBla by ICalvet et al.1 
(|2005bl) . Stellar parameters (M», R*; Table 1) are de- 
rived fr om the HR diagram and the Baraffe evolutionary 
tracks (iBaraffe et al.ll2002D usi ng a T. of 3470 K (KH95) 
for an M3 star (IBriceno et al.ll2007l). The distance to 25 
Orionis is 330pc (jBriceno et al.ll2007h . 

CVSO 224 was observed by the Spitzer IRS instru- 
ment on March 8, 2006 (AOR ID: 16264960) with the 
short- wavelength, low-resolution (SL) module of IRS and 
the long-wavelength, low-resolution (LL) module, cover- 
ing ~5 to 40 pirn, at a resolving power of X/SX — 60-100. 
The observation was carried out in IRS Staring Mode. 
We used the Spectral Modeling, Analysis, and Reduc- 
tion Tool (SMART) s oftware package de veloped by the 
IRS instrument team (Higdon et al. 2004) to extract and 
calibrate the spectrum. IFurlan et al.l ( 2006f ) can be con- 
sulted for further data-reduction details. 

In Figure 2 we show the high-resolution (R~34,000) 
spectrum of CVSO 224 centered on the Ha 6563A line. It 
was obtained with the Hectochelle multifiber instrument 
(Szentgyorgyi et al. 1998) mounted on the 6.5m MMT 
at Mt. Hopk i ns, A rizona for the dataset presented in 
IBriceno et al.1 (|2007h . We refer the reader to that article 
for details on the observations and data reduction. 

3. ANALYSIS 
3.1. Accretion Properties 
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Fig. 1 — SED of CVSO 224. We show dereddened ground- 
based optical (open circles), J,H,K (filled circles), Spitzer IRAC 
and MIPS (closed squares), and Spitzer IRS (solid line) data . 
We also show the median SED of Taurus (D'Alcssi o et all 11993 ; 
IFurlan et al.ll2006l , short- dashed line), which represen ts a full disk, 
and an M3 photosphere (Kcnvon & Hartmann 1995, dotted line). 
[See the electronic edition of the Journal for a color version of this 
figure.] 




velocity (km/s) 

Fig. 2.— Hectochelle spectrum of CVSO 224 (solid line) with the 
best-fit accretion model (dashed line). We measure an accretion 
rate of 7xl0~ n M yr" 1 . 

According to theories of magnetospheric accretion, the 
inner disk is truncated by the stellar magnetic field and 
material is channeled onto the star via accretion columns. 
This leads to strong, broad Ha emission profiles due 
to the hi gh temperatures and v el ocities of the ac c reting 
material flMuzerolle et all 1200 ll ). IWhite fc Basrl (|2003l ) 
showed that a star is accreting if EW(Ha) > 20 A for M3 
stars. According to this criteria, CVSO 224, a M3 star 
(|Briceno et al.ll2007l ) with EW(Ha) of < 20 A, can be 
classified as a weakl y accreting T Tauri star (WTTS) 
(jBriceno et al.l 120071 ). However, some stars which lie 
j ust below this EW(Ha) limit could be slow accretors 
(|Barrado v Navascues fc Martmll2003f h When analyzing 
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Fig. 3.— SED and transitional disk model of CVSO 224. Sym- 
bols are the same as in Figure 1. The best-fit model (heavy solid 
line) corresponds to an inner disk hole of 7 AU that has ~4xl0~ 12 
Mq of optically thin dust located between the dust destruction 
radius and 1 AU; the disk is relatively devoid of small dust grains 
between 1 and 7 AU. Model components are as follows: stellar pho- 
tosphere (dotted line), optically thin dust region (long-dash), outer 
wall (dot-short-dash). [See the electronic edition of the Journal for 
a color version of this figure.] 

the high-resolution spectrum of CVSO 224 taken with 
Hectochelle (Fig. 2) we find that the width of the Ha 
profile at 10% is lar ger than 200 km/s in dicating that 
this star is accreting ()White fe; B asri 20Ql). 

We estimated the accretion rate using the magneto- 
spheric accretion models of Muzerolle et al. (2001). See 
that paper for the details of the fitting procedure. In 
short, we calculated models using the mass, radius, and 
effective temperature of the star as fixed inputs. The gas 
temperature, density (calculated from M), and inclina- 
tion were then varied to find the best fit to the observed 
line profile. The profile of CVSO 224 has a central self- 
reversal as seen in WTTS (e.g. Figure 1 of Muzerolle et 
al. 2000), but also has broad wings and redshifted absorp- 
tion. This suggests that we are seeing signatures of both 
the stellar chromosphere and the accreting material trav- 
eling in the magnetospheric field lines. Since the line core 
is dominated by chromospheric emission, which is not in- 
cluded in the models, only the line wings were considered 
in the fit. The resultant best-fit model parameters are 
i=30°, T ma:E = 12,000 K, M=7xl0- n M yr" 1 . The in- 
clination angle derived here is constrained to about 50% 
of the nominal value of 30° sin ce the actual geometr y 
is likely much more complicated (jMuzerolle et al.l f200l). 
We adopt this value for CVSO 224 since there is no other 
estimate for the inclination angle. 

3.2. Disk Properties 

When we compare CVSO 224 to the median SED of 
Taurus (Fig. 1; D'Alessio et al. 1999, Furlan et al. 2006) 
which has been shown to be representative of a full disk 
(|D'Alessio et al.lll999l 120061) . it is apparent that there 
is a strong infrared deficit, indicating that CVSO 224 is 
surrounded by a transitional disk. We follow D'Alessio et 
al. (2005) to calculate the structure and emission of the 
optically thick disk's inner edge or "wall," assumed to be 
vertical and axisymmetric. The radiative transfer in the 
wall atmosphere is calculated with M*, R*, T*, distance, 
inclination, and M as well as minimum and maximum 
grain sizes (Table 1). We use a grain-size distribution 
that follows a power-law of a -3 5 , where a is the grain ra- 
dius. We assume ISM sized grains and adopt a m i„=0.005 



/im and a maa; — 0.25 yitm (|Draine fc Ledfl98l . The wall 
has a radial gradient of temperature and we use its out- 
ermost temperature, T wa ii, as a free parameter in fit- 
ting the SED. This temperature, combin ed with the dust 
comp osition, determines the wall radius ([D'Alessi o et al.l 
120051 ). The best fit to the SED is shown in Figure 3 and 
corresponds to T Ji , a i;=120 K and K W aii=7 AU. The wall 
height, z wa u (1 AU), is also a free parameter which is 
dependent on the best-fit to the SED. Varying the incli- 
nation angle within 50% of 30° does not change the size 
of the inner hole. 

CVSO 224 has a near-infrared excess; the ratio of its 
observed to photospheric emission at 5.8 /im is 1.6. The 
low value of T wa u implies that the wall can account 
for neither the 10 /jm silicate-feature emission nor the 
small near-IR excess. While a wall with a higher T wa ii 
produces more 10 /jm emission, it cannot account for 
the excess beyond 20 /xm. As is seen in previ ous stud- 
ies (|Calvet et al.ll2005at lEspaillat et al.ll2007al) . a small 
amount of optically thin dust can account f or the 10 /xm 
emissi on and the near-IR excess. Following ICalvet et al.l 
(2002), the spectrum for the optically thin region is cal- 
culated as the sum of the emergent flux from optically 
thin annuli where the dust in each annulus is heated by 
stellar radiation. We hold the inner radius fixed at the 
dust destruction radius (0.04 AU) and the outer radius 
is determined by the best fit (1 AU). The silicate feature 
is well fit with & max =A /im and probes temperatures of 
~190-1110 K. About 4xl0~ 12 M of dust exists in the 
optically thin region which in the models is composed of 
^80% amorphous silicates, ^14% organics, ~3% amor- 
phous carbon, ~2.6% troilite, and less than 1% enstatite 
and forsterite. The total emission of this optically thin 
region is scaled to the vertical optical depth at 10 /xm, 
r ~ 0.025. 

Since there are no far-infrared or millimeter measure- 
ments for CVSO 224, we cannot constrain the contribu- 
tion to the SED from the outer disk. However, previ- 
ous papers have shown that the wall and optically thin 
dust r e gion dominate the mid -infrared flux (|Calvet et al.l 
12005a ; Espaillat et al. 2007a|[lJ) and so in this first ap- 
proximation we neglect the outer disk. 

4. DISCUSSION & CONCLUSIONS 

CVSO 224 is ~10 Myr old, making it one of the oldest 
transitional disks around a classical T Tauri star. TW 
Hya is another ^10 Myr old transitional disk that has 
been studied in detail. In both objects, there is an in- 
ner hole of <10 AU that contains optically thin dus t 
that is larger than ISM-sized grains (|Calvet et al.ll2002h . 
The ~2 Myr old CS Cha also has larger gr ains in its 
optically thin region (jEspaillat et al.l l2007a[ K In con- 
trast, LkCa 15 and GM Aur in Taurus (~1 Myr old) 
have small ISM-sized grains in their optically thin re- 
gions (|Espaillat et al.ll2007bHCalvet et al.ll2005af l. These 
optically thin disks are possibly the result o f the inward 
drift of small dust grains from the outer disk (|Rice et al. I 
I2006h . Larger dust grains in the optically thin regions of 
older transitional disks may imply that there is some cor- 
relation between the process that creates the optically 
thin dust and dust evolution over time. Like GM Aur 
and LkCa 15, CVSO 224 and TW Hya have no obvious 
signs of crystalline silicates in their disks. This is hard to 
explain given that one would expect 10 Myr of processing 
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to result in crystalline silicates. This lack of cystalliza- 
tion is in contrast to several young full disks in Taurus 
which show high degrees of dust processing (Watson et 
al. 2008). 

CVSO 224 is an ideal target to test the role of pho- 
toevaporation in transitional disks. Photoevaporation 
will create an inner hole in disks with masses <0.005 
Mq and mass accretion rates below the photoevapora- 
tive wind rate of -TO" 10 M Q yr" 1 (AA07). CVSO 224's 
M is below the photoevaporative wind rate, however, we 
are detecting a robust mid-infrared excess beyond 20/im 
from the disk's wall. This excess agrees with the median 
SED of Taurus' T Tauri disks (Figure 1) and is similar 
to what is observed in other massive (Mdisk > 0.05 M©) 
transitional disks (e.g. DM Tau, GM Aur; Calvet et al. 
2005), indicating that CVSO 224 still has a substantial 
outer disk. This indication of a massive outer disk is evi- 
dence against photoevaporation being the main cause of 
clearing behind the hole we observe in CVSO 224. Addi- 
tionally, AA07 show that the size of the inner hole should 
reach tens of AU within 0.1 Myr of the onset of photo- 
evaporation. Excluding the unlikely possibility that we 
are catching CVSO 224 immediately after photoevapora- 
tion has switched on, one would expect the inner hole to 
be larger and the outer disk to be mostly gone. Millime- 
ter observations of CVSO 224 are necessary to confirm 
that it has a massive disk in order to eliminate the pos- 
sibility that photoevaporation is creating the disk hole 
around CVSO 224. 

If CVSO 224 does have a massive disk and is not be- 
ing photoevaporated, one can speculate that the M of 
the outer disk, Mdisk, is actually higher than the ob- 
served accretion rate onto the star, M star - One way to 
create a situation where M sta r is less than Mdisk is with 
planet formation. If a planet is forming in the disk, the 
mass coming from the outer disk is shared by the planet 
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and the inner dis k (Lubow fe D'Ange l o 2006 ; Najita et 
al. 2007; AA07). iLubow fc D'Angelo! (|2006f ) show that 
the mass accretion rate past a planet and into the inner 
disk is 10-25 % of the mass accretion rate outside the 
planet's orbit. Alternatively, the low mass accretion rate 
of CVSO 224 could also be due to a stellar companion. 
Hen 3-600 is another weakly accreting ^10 Myr old tran- 
sitional disk (7xl0 -11 M Q yr^ 1 ; Muzerolle et al. 2000) 
whose hole is most likely due to dynamical clearing by 
its companion (|Uchida et al.l [20041 ). Its low M also indi- 
cates that photoevaporation should be clearing this disk, 
however, Hen 3-600 has a small h ole (~1 AU; Uch ida et 
al. 2004) and its infrared excess (|Low et~all[2005l) indi- 
cates a substantial outer disk. H en 3-600's M s t ar could 
be limited by binary tidal forces ([Artymowicz fc Lubowl 

1996) and not be reflective of Mdisk- 

CVSO 224 presents an opportune test of photoevap- 
oration and planet formation in older disks and further 
observations of this object will help clarify the role of 
photoevaporation in disk clearing. Millimeter studies of 
CVSO 224 are necessary to derive the mass of its outer 
disk. If a massive disk is present, its low M could be due 
to a planetary or stellar companion and more study will 
be needed to distinguish between these two scenarios. 
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